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Objectives 

The  objectives  of  this  research  effort  are  to  exploit  recent  advances  in  neural  network 
(NN)  based  adaptive  control  targeted  to  treat  a  very  general  class  of  nonlinear  system,  for 
which  the  dynamics  are  not  only  uncertain,  but  may  be  unknown  except  for  minimal 
structural  information,  such  as  the  relative  degree  of  the  regulated  output  variables.  We 
are  particularly  interested  in  designing  adaptive  control  systems  that  are  robust  with 
respect  to  both  parametric  uncertainty  and  unmodeled  dynamics.  Extensions  to 
decentralized  control  are  also  of  interest.  In  addition,  we  place  a  high  priority  on 
transition  opportunities  in  aircraft  flight  control,  control  of  flows,  control  of  flexible 
space  structures,  and  control  of  aeroelastic  wings. 

Status  of  Effort 

Our  main  accomplishment  this  past  year  has  been  to  finalize  and  apply  two  approaches  to 
output  feedback  adaptive  control.  The  first  is  a  direct  adaptive  approach,  while  the 
second  uses  a  new  error  state  observe.  Both  approaches  overcome  the  limitation  of 
earlier  adaptive  state  observer  based  methods,  which  require  that  the  order  of  the  plant  be 
known,  and  impose  severe  restrictions  on  the  relative  degree  of  regulated  output 
variables.  Within  this  context,  we  also  have  continued  to  exploit  our  approach  for 
adaptive  ‘hedging’  of  actuator  limits,  which  was  the  highlight  of  last  year’s  report.  We 
have  also  made  some  progress  in  the  area  of  decentralized  adaptive  control.  Our  most 
significant  interactions  have  been  with  NASA  Marshall,  NASA  Ames,  Wright  Patterson 
AFB,  Eglin  AFB,  Boeing  and  Lockheed. 

Accomplishments 

Adaptive  Output  Feedback  ControlJ.J2,J3,J4,SJ,S2,S4, C6,C10I:  Output  feedback 
control  architectures  typically  make  use  of  state  estimation,  and  therefore  require  that  the 
dimension  of  the  plant  be  known.  Existing  approaches  either  restrict  the  output  to  have 
full  relative  degree,  or  restrict  the  uncertainties  in  the  plant  to  be  dependent  only  on  the 
output  variables.  Development  of  an  adaptive  output  feedback  approach  for  highly 
uncertain  systems  that  overcomes  these  restrictions  has  been  the  main  thrust  of  our 
research  during  the  past  several  years.  Our  efforts  this  year  have  resulted  in  two 
promising  approaches  [J3,  SI].  The  first  is  a  direct  adaptive  control  approach.  The  second 


uses  a  novel,  non-adaptive  error  state  observer.  The  controller  architectures  have  proven 
not  only  to  be  robust  to  unmodeled  dynamics,  but  also  have  the  capability  to  interact  with 
and  control  these  dynamics.  The  control  architecture  for  the  first  approach  is  shown  in 
Figure  1 .  The  main  features  of  this  architecture  include  the  dynamic  compensator,  with 
an  additional  output  (yorf)  used  in  the  NN  training  algorithm,  and  a  delayed  signal 
generation  block,  the  outputs  of  which  are  used  as  inputs  to  the  NN  and  are  utilized  to 
estimate  the  model  inversion  error  from  past  measurements. 


Fig.  1  The  adaptive  output  feedback  control  architecture. 

The  delayed  signal  generation  block  is  common  to  both  approaches.  We  have  considered 
general  SISO  systems  represented  by  the  system  equations 

x  =  f(.\,u) 

y  =  Kx) 


where  .ve  R"  is  the  system  state  vector,  u  is  the  scalar  control  input,  y  is  the  scalar 
measurement  and  regulated  output,  and  /(•,•)  and  /;(•)  are  partially  known,  or  unknown 
sufficiently  smooth  functions.  Additional  outputs,  which  are  not  regulated,  may  be 
incorporated  into  the  design  approach.  The  only  modeling  assumption  is  that  the  relative 
degree  (r  <  /z)  of  the  output  is  known.  Thus,  the  rth  derivative  of  the  output  is  the  first 
derivative  of  the  output  that  is  “strongly”  affected  by  the  control,  i.e. 


yir)=hr(x,u) 


where  hr(x,u)  is  also  a  partially  known,  or  an  unknown  function.  Feedback  linearization 
is  performed  by  introducing  the  transformation 

v  =  hr(y,u) 


where  hr(y,u)  is  the  best  available  invertible  approximation  of  hr(x,u),  and  v  is 
commonly  referred  to  as  pseudo-control.  Since  only  the  measured  signal  can  be  used  for 
control,  a  dynamic  compensator  is  introduced  to  stabilize  the  linear  portion  of  the 
tracking  error  dynamics,  and  the  NN  operates  only  on  the  available  input/output  data. 
Under  the  assumption  that  the  plant  is  observable,  we  have  shown  that  the  unknown 
model  inversion  error  can  be  mapped  from  present  and  past  input/output  data  [S2].  The 
delayed  signal  generation  block  of  Fig.  1  provides  the  inputs  required  for  this  function. 

One  of  the  immediate  advantages  of  our  result  is  that  the  dimension  of  the  plant 
(dimension  of  the  state  vector  x)  is  not  needed  in  the  design,  and  the  only  information 
required  is  the  relative  degree  of  the  measured  signal.  Thus,  the  result  is  applicable  to 
plants  having  both  parametric  uncertainty  and  unstructured  unmodeled  dynamics. 


two.  The  system  can  be  thought  of  as  a  nonlinear  single  degree  of  freedom  rigid  body 
(  .y,  and  a\  states)  coupled  to  a  lightly  damped  unmodeled  mode.  The  unmodeled  mode 
is  excited  by  the  rigid  body  dynamics  and  is  coupled  to  the  output.  Ideally  we  wish  to 
regulate  only.v,,  and  not  the  measurement  y.  The  low  natural  frequency  of  the 
unmodeled  mode  is  encompassed  by  the  bandwidth  of  the  control  design.  Moreover,  the 
inverting  design  is  performed  without  knowledge  of  the  nonlinearities  in  the  rigid  body 
mode.  This  presents  a  very  difficult  control  design  problem.  Figure  2  shows  the  jc,  state 
responses  with  neural  network  adaptation  gains  of  0,  10  and  50,  and  compares  these 
responses  with  the  command  filter  output  (smooth  line).  The  response  without  adaptation 
(dotted  line,  adaptation  gain  =  0)  is  unstable,  due  to  the  unmodeled  mode.  The  response 
progressively  improves  and  approaches  the  command  as  the  adaptation  gain  is  increased. 
This  demonstrates  the  ability  of  the  output  feedback  approach  to  accommodate  both 
parametric  uncertainty  (in  the  rigid  body  dynamics)  and  unmodeled  dynamics  (the  added 


mode).  An  illustration  is  given  in  [C3]  that  addresses  nonlinear  modeling  of  the  actuation 
process  and  the  use  of  ‘hedging’  in  the  adaptive  process,  but  for  the  case  of  state 
feedback.  This  has  been  extended  to  output  feedback,  but  not  yet  published.  An 
application  to  flight  control  currently  undergoing  flight  testing  is  described  in  [SI, CIO], 

Decentralized  Adaptive  Control,  fS3l:  We  have  developed  an  adaptive  decentralized 
state  feedback  control  architecture  for  large-scale  systems  with  interconnections  being 
bounded  linearly  by  their  tracking  error  norms.  The  local  subsystems  are  assumed  to  be 
feedback  linearizable.  Future  research  will  investigate  removing  this  last  assumption,  and 
possible  extensions  to  the  output  feedback  case. 
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